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Transcriptional regulationTranscripts of the threeN-methyltransferase (NMT) genes involved in the core caffeine biosynthesis of coffee are
repressed during the early stages of endosperm maturation, coincident with the onset of dry weight accumula-
tion and seed desiccation. Previously, we noticed that the exogenous application of salicylic acid (SA) and
methyljasmonate (MeJ) to Coffea canephora var. robusta cv. S-274 overexpresses transcripts of the three NMTs
in young leaves. Thus, transcriptional regulation of caffeine biosynthetic genes may play a vital role in caffeine
accumulation. We carried out this study to ﬁnd if salicylic acid (SA) (50 μM and 500 μM concentrations) and
MeJ treatment of the maturing fruits is capable of restoring the transcription activity of NMT genes. MeJ leads
to overexpression of the ﬁrst two NMTs (XMTs and MXMTs) whereas the effect of SA appeared to be
concentration-dependent. Though SA (500 μM) de-repressed all three NMTs, SA (50 μM) restored transcription
of only the second NMT. Neither SA (50 μM) nor MeJ could restore transcription of the third and ﬁnal NMT
(DXMTs) of the pathway. Biochemical estimation of methylxanthines indicates a slight but signiﬁcant increase
in theobromine content (11.8% increase) in endosperms treated with 50 μM SA. Caffeine showed a statistically
signiﬁcant increase in both MeJ (14.4% increase) and SA (50 μM) (14.8% increase) treatments. Since de-
repression in DXMTs (caffeine synthase) was not observed, theobromine to caffeine conversion in MeJ and SA
(50 μM) treated fruits is probably catalyzed by the basal or the extant DXMT gene product. Caffeine levels
remained constant in SA (500 μM) treatments indicating a possible post-transcriptional regulation. These results
are indicative of cross talk between the cascades induced by SA and MeJ and the maturation-induced regulation
of caffeine accumulation and may be helpful in studying the interaction between these pathways.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The caffeine biosynthetic pathway involves the methylation of
xanthosine resulting in 7-methylxanthosine. 7-Methylxanthosine is
converted to 7-methylxanthine by a less understood mechanism and
methylated to form theobromine, which is ﬁnally converted to caffeine
by a third methylation process. This pathway is designated as the core
caffeine biosynthetic pathway (Suzuki and Waller, 1984). Alternate
pathways like 7-methylxanthine to paraxanthine to caffeine and xan-
thine to 3-methylxanthine or theobromine and ﬁnally to caffeine are
known (Ashihara et al., 2011). Moreover, a dilemma may still exist onit of detection; LOQ, limit of
T, xanthosine methyltransferase;
hylxanthinemethyltransferase;
epartment, Council of Scientiﬁc
arch Institute, Mysore 570 020,
ail.com (P. Giridhar).
. This is an open access article underthe source of usable xanthosine pool for caffeine biosynthesis
(Baumann, 2015). Nevertheless, siRNA knockdown lines indicate that
theobromine might be the major intermediate in caffeine biosynthesis
(Ogita et al., 2004). Thus, the focus of this study is on the three SAM-
dependant N-methyltransferases (NMT) involved in the core pathway
in order to study the pattern of regulation of caffeine biosynthesis. The
genes involved in the three methylation steps — xanthosine methyl-
transferases (CaXMT1, CmXRS1, CcXMT1) (XMTs), theobromine
synthases (CaMXMT1, CaMXMT2, CTS1, CTS2) (MXMTs) and caffeine
synthases (CaCCS1, CaDXMT1, CcDXMT1) (DXMTs)— have been isolated
from the cultivated species, Coffea arabica and Coffea canephora
(reviewed by Kato and Mizuno, 2004). Two types of theobromine syn-
thase exist in C. arabica: one coding for 378 amino acids (CaMXMT1,
CTS1) and other for 384 amino acids (CaMXMT2, CTS2). C. canephora
theobromine synthase-like genes isolated so far, all codes for 378
amino acid peptide (MXMT1-like) (Satyanarayana et al., 2005). Coffee
genome sequencing has identiﬁed a total of 23 NMT genes of which
four have been annotated as monomethylxanthine methyltransferase
or theobromine synthase namely CcMXMT1, CcNMT12, CcNMT18 andthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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CcMXMT1 was resolved at 2A° resolution and was shown to have spec-
iﬁcity to binding of 7-methylxanthine alone (McCarthy and McCarthy,
2007).
The role of caffeine as a protectant against pathogen/pest attack
(Uefuji et al., 2005; Kim and Sano, 2008) and even in combating fungal
infection (Kim et al., 2011) is well known. As caffeine emerges as a
component of plant defense mechanism, the role of key players of
plant defense responses like salicylic acid (SA) and methyljasmonate
(MeJ) on the expression of the caffeine biosynthetic NMT genes is as
well cited. For example, SA improves methylxanthine content in
Theobroma cacao (Aneja and Gianfagna, 2001). Several fold increase of
T. cacao caffeine synthase, Tc-Caf1, was observed upon MeJ treatment
of young red leaves (Bailey et al., 2005). In silico analysis of the promot-
er of C. canephora theobromine synthase-like NMT (Satyanarayana
et al., 2005) indicates the presence of motifs AACGTG (T/G box) and
TTGAC (W-box), which are known to be involved in signaling by the
stress hormones MeJ and SA, respectively. To date, this study is the
only known lead in transcription regulation of caffeine biosynthetic
NMTs in coffee. Recently, light conditions, and water stress etc., have
been shown to have important roles in the accumulation of net caffeine
content in plants (Kumar et al., 2015a, 2015b). Furthermore, in agree-
ment to previous reports (Uefuji et al., 2003), it was also noticed that
caffeine biosynthetic activity ceases during the later stages of endo-
spermmaturation, although the proﬁling of NMT transcripts in the iso-
lated endospermwas not carried out in detail (Koshiro et al., 2006). This
stage, designated as stage E marks the onset of endosperm desiccation
in physiological terms and is morphologically similar to the CC4 stage
endosperm used in our study, which preludes the desiccating CC5
stage. In a recent study (Giridhar et al., 2012), it was shown that treat-
ment of 1-year old coffee seedlings with 50 and 500 μMSA, or exposure
to volatile MeJ led to an increase in NMT gene expression. The augmen-
tation of caffeine (Kumar et al., 2015c) correlated with a sharp increase
in levels of all the threeNMT transcripts. The up-regulation of NMT tran-
scripts was treatment-speciﬁc as the biochemical and transcript levels
alleviated when the external induction from SA or MeJ was refrained.
Moreover, the increase in caffeine content did not correlate with chang-
es in levels of theophylline. Thus, transcriptional regulation may be one
of the major regulatory steps in the biological accumulation of caffeine.
Since NMT genes are regulated both developmentally as well as in re-
sponse to stress signals, we question if the stress stimuli is able to over-
come the developmental repression of NMT transcripts. This study was
carried out to investigate if developmental signals and signals from
SA/MeJ stress pathways interact with each other in determining the
levels of caffeine in coffee seeds.
2. Materials and methods
2.1. Sampling and treatments
C. canephora fruits harvested (from Ramakrishna AshramVidyashala,
Mysore) from a single plant were washed in water. Healthy seeds that
settled to the bottom, were wiped dry and either placed in jars contain-
ing 100 mL of 50 and 500 μM SA (SA-50 and SA-500, respectively) in
water or enclosed in air tight sterile polybags exposed to fumes from
10 μL undiluted MeJ blotted on tissue paper (M or methyljasmonate).
Control fruits were either soaked in distilled water (CW or control
in water) or enclosed in polybags without methyljasmonate (CD or
control in dry). Generally, low concentrations (0.5–5 μM) of abiotic
elicitors (SA/MeJ) are required for elicitation of metabolites using
in vitro cultures. Since higher concentration may be needed for ex vitro
experiments, we selected 50 and 500 μMof SA based on prior optimiza-
tion in seedlings to select a concentration causing methylxanthine
augmentation without necrosis. The endosperms were extracted 10 h
post-treatment. Only the CC4 stage endospermswere used for the anal-
ysis by using one-half of the endosperm for methylxanthine estimationand the other for transcript analysis. CC4 stage fruits are full-size green
fruits with white endosperms at the onset of dry weight accumulation
whereas, young endosperms (YE) at 4 months post-anthesis was used
as control for high NMT expression.
2.2. RNA isolation and semi-quantitative RT-PCR
RNA was isolated using the Nucleospin II RNA isolation Kit
(Machery-Nagel, GmBH and Co., Düren) with on-column DNAse treat-
ment. Minus-reverse transcriptase-PCR conﬁrmed the absence of geno-
mic DNA contamination in the preparation. Total RNA (1 μg) was
primed with Oligo-dT18 (Qiagen) and reverse transcribed with
ImPromII reverse transcriptase (Promega). The ﬁrst strand cDNA was
diluted 1:5 in deionized water and 1 μL was used for semi-
quantitative RT-PCR. The transcript levels were normalized using refer-
ence genes, glyceraldehyde 3-phosphate dehydrogenase (gapdh) and
ubiquitin (ubiquitin). Speciﬁc primers were designed for the three
NMT genes based on the published C. arabica and C. canephora se-
quences. Primer pairs for XMTs (NMT123-1F/NMT1-1R), MXMTs or
MXMT-like transcript (TSRT-1F/NMT2-1R or MXMT1-1F/MXMT1-1R)
and DXMTs (CcTS3x-3F/NMT3-1R) were used for the ampliﬁcation of
the NMTs (detailed in Supplementary Table 1). Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH-F; 5′ ACG ATA GGT TTG GCA TTG
T 3′ and GAPDH-R; 5′ GTG CTA CTG GGA ATA ATG TT 3′) and ubiquitin
(Ubi-F; 5′GGG TGGAGGAGAAAGAAGGAAT 3′, Ubi-R; 5′ CTC CAC CTC
TCA GAG CAA GAA C 3′) primers were designed from C. canephora
unigene database at Solanaceae Genome Network. PCR was set in a
total reaction of 10 μL using 400 nM primers and 0.5 unit hotstart Taq
DNA polymerase (Kappa Biosystems). The cycling conditions include
initial denaturation at 94 °C, 30 s, followed by 40 cycles of denaturation
at 94 °C, 20 s, annealing at 55 °C, 30 s and extension at 72 °C, 20 s. The
PCR products (10 μL) were resolved on 2% agarose gel (w/v) and visual-
ized after ethidium bromide staining in gel documentation system
(HeroLab, GmBH Laboratories, Germany).
2.3. Alkaloid estimation
Endosperm samples were dried at 37 °C overnight and ground to
ﬁne powder using mortar and pestle. The methylxanthines were ex-
tracted in 1mL50%methanol at 70 °C for 10min. The sampleswere cen-
trifuged at 11,000×g for 10min. The pellet was re-extracted thricewith
1 mL of 50% methanol at 70 °C for 10 min and the extract was pooled.
Samples were freeze-dried, dissolved in 50% methanol (100 μL per
10mg dryweight), ﬁltered through 0.4 μMsyringe ﬁlters and estimated
by RP-HPLC using C-18 column (20 μL loop). Parameters were con-
trolled by a Shimadzu LC 10 liquid chromatograph (Kyoto, Japan)
equipped with a dual pump, UV spectrophotometer detector (model
SPD 10 A) (270 nM) and the recorder C-R7a Chromatopac. Separation
was carried out in 0–40% gradient ofmethanol in 50mMsodiumacetate
pH 5.0 (35 min run), at a ﬂow rate of 1 mL/min as described earlier
(Ashihara et al., 1996).
2.4. Statistical analysis
The statistical test was performed using SPSS software Inc. The bio-
chemical analysis was carried out using extracts from ﬁve seeds per
treatment and two injections each. Methylxanthines (7-methylxan-
thine, theobromine, caffeine and theophylline) were quantiﬁed by re-
gression equation derived from standards. Duncan's multiple range
test was used to compare themeans of eachmethylxanthine at a signif-
icance of P N 0.05. Dunnett's two-tailed t-test was used to estimate a sig-
niﬁcant change in the metabolite content with respect to the controls
(signiﬁcance at P N 0.05). The accuracy, precision, recovery, LOD and
LOQ were determined by methodology adopted from another study
(Thippeswamy et al., 2006).
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Fruits were harvested from a single tree of C. canephora in order to
minimize the interference from speculative variables like light conditions
and irrigation status, since these factors have been shown to have impor-
tant roles in the accumulation of net caffeine content in plants (Kumar
et al., 2015a, 2015b). In addition, earlier studies clearly indicate that all
the three NMT transcripts express to a very low amount in the RNA
pool derived from the CC4-stage endosperm (Giridhar et al., 2012) that
can be extracted from fruits at around 30 weeks post-anthesis. In the
present study on CC4 stage endosperms, a minimal level of transcript
for all the three NMTs was observed in the untreated controls (Fig. 1) in-
dicating a transcriptional repression in the CC4-stage control (CD) when
compared with young endosperm (YE). This reduction in NMT gene ex-
pression has also been observed in old leaves and mature fruits of coffee
and in cocoa (Uefuji et al., 2003, Bailey et al., 2005). It is important to
note that abscisic acid (ABA) is a key regulator of induction of seed dor-
mancy during seed storage period and also for the tissue aging processes
(Finkelstein, 2013). Caffeine biosynthetic activity is also known to be
more prominent in young tissues (Ogawa et al., 2001; Mizuno et al.,
2003a, 2003b; Uefuji et al., 2003; Koshiro et al., 2006). However, the net
caffeine content in coffee has been attributed to the ratio of biosynthetic
activity to the degradation dynamics (Mazzafera et al., 1994). Exogenous
application of salicylic acid and methyljasmonate in liquid hydroponic
medium has shown to enhance the expression of caffeine biosynthetic
NMTs leading to a net increase in caffeine content of young leaves
(Giridhar et al., 2012; Kumar et al., 2015c). Untreated controls for
methyljasmonate (CD = control dry) and salicylic acid (CW = control
water), differed from each other in levels of XMTs and MXMTs and not
DXMTs. XMTs increased several folds in water imbibed controls (CW)
whereas the total MXMTs reduced. In the present study two sets of
primers were designed for theobromine synthase based on the sequenceFig. 1. Caffeine biosynthetic pathways in Coffea sp. Themajor pathways known to function in co
way from xanthosine to caffeine as depicted in rectangular box is designated the major pathw
C. canephora showing speciﬁc activity to the methylation steps are represented. (* represents palignments of the biochemically characterized NMTs and other NMT-like
genes isolated until the year 2008: TSRT-1F/NMT2-1R that is common
for all the known theobromine synthases (MXMTs) and MXMT1-1F/
MXMT1-1R speciﬁc for the CaMXMT1/CTS1 sequence (MXMT1-like).
Although water imbibition into endosperms begins as soon as fruits are
soaked, the time required for the ﬁrst endogenous ABA peak in embryo
and in the endosperm cap is from day 1 to day 4 (Eira et al., 2006). How-
ever, the response of imbibition on ABA biosynthesis in the rest of the en-
dosperms is unknown. Water imbibition may also lead to gibberellin
biosynthesis in the seeds. When the CC4-stage endosperms were treated
with fumes fromMeJ there was a relaxation of maturation-triggered re-
pression of the ﬁrst two NMTs of the pathway, the xanthosine methyl-
transferase (XMTs) and the theobromine synthase (MXMTs) (Fig. 2).
Treatment with SA at 50 μM concentration led to de-repression of only
theMXMTs. Although SA-50 treatment of fruits led to a reduction in levels
of XMTs and DXMTs, these genes along with MXMTs (including the
MXMT-1-like variant of theobromine synthase) increased up at 500 μM
concentration when compared with the untreated CC4-stage endosperm
control. Among the theobromine synthases,MeJ and SA-50 treatment im-
proved the expression of the theobromine synthases in general whereas;
SA-500 treatment speciﬁcally induced the 378 amino acid variant of theo-
bromine synthase (CaMXMT1-like variant). Thus, the effect of salicylic
acid on the expression of MXMT-like theobromine synthases is dosage
dependent. This study is also complemented with a parallel study of the
effect of salicylic acid under dosages and time bound experimentation
(Kumar et al., 2015c). In the latter study, a more mature stage of endo-
sperm was taken called the CC5 stage endosperm. NMTs are found to be
completely repressed in this stage (Giridhar et al., 2012). It is again
noted that salicylic acid is able to cause a signiﬁcant change in caffeine
content though at a much higher dose (500 μM). It is unsure why the
XMTs and DXMTs are down-regulated in SA-50 treatment. In addition,
it is speculative at this point, whether the signal transduction pathwayffee during the biosynthesis of caffeine. Alternate pathways are also represented. The path-
ay called the core caffeine biosynthetic pathway. The isolated genes from C. arabica and
robable activity)
Fig. 2. Transcript proﬁling of caffeine biosynthetic NMTs in CC4-stage endosperm under
different treatments. Semi-quantitative RT-PCR analysis for transcripts for xanthosine
methyltransferase (XMTs), theobromine synthase (MXMTs and MXMT-1-like) and caf-
feine synthase (DXMTs) in CC4 stage endosperm during control (CW and CD) and after
treatment with salicylic acid at 50 μM (SA-50) and 500 μM (SA-500) or methyljasmonate
(M). cDNA quantity was normalized using glyceraldehyde 3-phosphate dehydrogenase
(gapdh) and ubiquitin genes (ubi). YE refer to cDNA from young endosperm 3 months
post-anthesis showing high level of expression of the three NMTs.
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transcription repression of the third and ultimate NMTs of the pathway,
the caffeine synthase.
To validate the transcript analysis, caffeine and related methylxan-
thines were estimated using high performance liquid chromatography
(HPLC). In earlier studies, it was observed that caffeine content strongly
correlates with the expression status of the NMT genes during endo-
sperm development and in young leaves of salicylic acid and
methyljasmonate treated plants (Giridhar et al., 2012). Though SA-50
treatment led to theup-regulation of only the secondNMT,we observed
a slight but statistically signiﬁcant improvement in both theobromine
(11.8% increase) as well as caffeine contents (14.8% increase) (Fig. 3).
It is possible that the extant caffeine synthase enzyme (DXMT gene
product) is driving the conversion of the excess theobromine to caffeine.Fig. 3.RP-HPLC estimation ofmethylxanthines fromCC4 stage endosperms under different treatm
and SA-500) and methyljasmonate treatment (M). CW refers to control for SA and CD refers t
Theobromine (Tb) and Theophylline (Tp)whereas graphon right depicts themean content of caffe
range test at a signiﬁcanceof PN 0.05. Signiﬁcant difference ofmeans of treated samples in compari
asterisk (*). The means are from ﬁve individual seeds (extractions) each with two injections. TheIn SA-50 samples, 7-methylxanthine dropped by 27.5% butwas insignif-
icant at P N 0.05 level. None of the metabolite signiﬁcantly changed in
SA-500 samples contrasting the results of gene expression analysis. It
may be noted that 500 μM is a very high concentration for a growth reg-
ulator and may have adverse effect on the global transcriptional/trans-
lational machinery of the tissues. High concentration of SA (500 μM)
may aggravate the senescence-like response due to which, even though
NMT genes overexpress, there may be a post-transcriptional regulation
that keeps caffeine content in check. Further studieswould shed light on
themechanisms involved in this deviation from expected observations.
MeJ treatment showed a statistically signiﬁcant increase in net caf-
feine content (14.4% increase) although only the ﬁrst two NMTs of the
pathway are de-repressed. Since the basal levels of DXMTs are observed
in untreated (CD) and MeJ treated endosperms, it may easily be specu-
lated that the conversion of excess of theobromine to caffeine is carried
out by the basal levels of caffeine synthase synthesized. Theophylline,
the major degradation product of caffeine remained constant through-
out all the SA and MeJ treatments indicating that the degradation dy-
namics was mostly un-affected. Caffeine degradation in fruits of
C. arabica follows mainly through theophylline (Suzuki and Waller,
1984) and by a minor route through theobromine. However, only a
small portion of theobromine is degraded through conversion to 3-
methylxanthine and subsequently to xanthine (Ashihara et al., 1996).
The biosynthesis to biodegradation ratio is reasoned to be responsible
for the total accumulation of caffeine during endosperm maturation
and aging leaves in C. arabica and Coffea dewevrei (Vitória and
Mazzafera, 1998). A concomitant increase in theobromine and caffeine
in SA-50 samples with no change in theophylline may be a rough indi-
cation of higher biosynthetic activity in response to SA. Since neither
SA-50 nor MeJ lead to overexpression of DXMTs, it is suggested that
the extant caffeine synthase or the basal expression level drives the con-
version of the excess theobromine into caffeine.
In a previous study (Giridhar et al., 2012), all the three NMTs exhib-
ited a similar response to SA and MeJ treatments. The results of this
study show that during a combination of two stimuli (SA/MeJ and tissue
maturation), the DXMTs exhibit a deviation from the usual overexpres-
sion pattern in response to SA-50 and MeJ as previously observed in
young leaves. Another difference between leaf tissues and endosperments. Accumulation ofmethylxanthines in CC4 stage endosperm tissue on salicylic acid (SA-50
o control of M. Graph on left depicts the mean content of 7-methylxanthine (7-MX) and
ine (Cf) as expressed inmg/100mgdw tissue.Meanswere comparedwithDuncan'smultiple
sonwith the respective controlswas calculatedbyDunnett's test at (PN 0.05) and indicatedby
validation report of the analysis is mentioned in the information box.
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Since polyploidization is generally associated with epigenetic down-
regulation of many duplicate copies of genes (Li et al., 2011), it may as
well have a role on regulation of caffeine biosynthetic NMTs in control
and treated endosperms.
The promoter of theobromine synthase-like gene reveals the pres-
ence of SA, MeJ and developmental motifs (Satyanarayana et al.,
2005). Also, there is a growing evidence of plant secondary metabolites
being regulated by WRKY group of transcription factors, many of them
which are known to act downstream of SA as well as in conjunction
with MeJ (Shoji et al., 2000; Zhao et al., 2005; de Geyter et al., 2012;
Bulgakov et al., 2002; Dučaiová et al., 2013). C. canephora berry ontoge-
ny includes an initial latent period of 2–3months just after anthesis. The
initial phase of berry development involves the cellularization of the liq-
uid endosperm followed by perisperm enlargement. The phase of
perisperm development is followed by endosperm development. Once
the endosperm attains themaximum size and taking over almost entire
space previously occupied by the perisperm, the dry weight accumula-
tion phase begins. The ontogeny culminates into berry ripening (de
Castro and Marraccini, 2006). The one and only study available in liter-
ature searches on transcriptional regulation network during seed devel-
opment in C. arabica (Salmona et al., 2008) indicates a switchover in
regulatory network during endosperm maturation. Results from the
above study depict that the ethylene biosynthetic genes (ACC oxidase)
express as a separate cluster after onset of ripening though the ethylene
receptor ETR-1 expresses transiently in endosperm until the dry weight
accumulation stage correlatingwith the CC4 stage used in our study and
in the same cluster as of dehydration-induced RD22 like gene. XMTs
show progressive repression until end of fruit maturation whereas caf-
feine synthase shows an increase in expression in early followed by re-
pression until the onset of ripening. The interplay of the ethylene
cascade and the seed desiccation and ABA signaling thus complicates
the study of interaction of tissue maturation signaling with induced SA
or MeJ signaling. However, it is concluded that developing endosperms
follow a planned transcriptional switchover and that since caffeine syn-
thase gene repression begins before the dry weight accumulation stage,
their expression is independent of seed desiccation response. Salicylic
acid is known to work in synergistic (Alonso-Ramírez et al., 2009) orFig. 4. Probable scenario of cross talks between multiple signaling pathways in the fruit treatm
XMTs are positively controlled by ABA cascade as observable from the experiments of salinity a
control fruits (CW) in this study. MXMTs show a negative correlation to salinity and drought re
the presence of ABRE elements in the promoters of XMTs and MXMTs. DXMT promoters lack
(Bailey et al., 2005; Salmona et al., 2008). It is also predictive from the present study that MXM
acid acts synergistically to ABA in the de-repression of MXMTs and also acts antagonistically
XMTs compared with untreated CW samples. Methyljasmonate act antagonistically to ABA-m
but not methyljasmonate can also interfere with ethylene mediated repression of DXMTs leadin antagonistic (through certain WRKY transcription factors) (Xie
et al., 2007) manner with gibberellic acid signaling as well as involves
in synergistic crosstalk with ABA signaling for expression of LEA pro-
teins (late embryogenesis abundant proteins) and dehydrins during
germination of seeds (Rajjou et al., 2006). ABA signaling is an important
pathwayduring thematuration of tissues and iswell studied in both leaf
aging and fruit development (Jibran et al., 2013; Finkelstein, 2013).
Salicylic acid is capable of re-inducing the late embryogenic stage in ger-
minating seedlings thus conferring themmore tolerant to abiotic stress.
Nevertheless, the studies on salinity and drought treatment of coffee
raise doubts on the physiological interaction of water stress response
originating from seed desiccation to be solely important for the repres-
sion of NMTs and especially the caffeine synthase (DXMTs) during dry
weight accumulation phase of the endosperms.Moreover, the depletion
of leaf caffeine during water stress mediated responses, which are usu-
ally anticipated to work through ABA-dependent and ABA-independent
cascades, had a minor role during salinity and drought response of the
plants and correlated only during the ﬁrst 24 h of treatment (Kumar
et al., 2015b). The in silico analysis of 3 kb upstream regions of 22 coffee
NMT genes indicate the presence of both ABA-dependent (ABRE) and
ABA-independent (DRE, CE3, Hex3) motifs in both the CcXMT and
CcMXMT gene promoters and not in the promoter of CcDXMT gene
(Kumar et al., 2015b). Net caffeine content of leaves from the water
stressed plants may be contributed more due to an increase in caffeine
breakdown during salinity and drought treatment of the plants unlike
in the present scenario. Nevertheless, it is clear from the present
study that the repression of the NMTs in response to the complex
cascades involved during seed maturation was relaxed on the treat-
ment with salicylic acid and methyljasmonate in our experiments.
In addition, a different study on MeJ-induced over expression of
caffeine synthase in young leaves of T. cacao also point that
MeJ-induction is dependent on the tissue age and caffeine synthase
is not responsive to MeJ in mature leaves (Bailey et al., 2005). Ethylene
was shown to inhibit the expression of TcCaf-1 (T. cacao caffeine
synthase 1), whereas methyljasmonate was able to overexpress the
transcripts of TcCaf1. However, in their study combined action of ethyl-
ene and methyljasmonate was not able to restore the expression of
TcCaf1 in young leaves.ents. XMTs and MXMTs appear to be controlled by ABA signaling from previous studies.
nd drought treated plants (Kumar et al., 2015b) and the overexpression in water imbibed
sponse and hence probably to the ABA cascade. These predictions are also strengthened by
ABRE elements and might be under the ethylene regulation according to previous reports
T also might be under inﬂuence of ethylene signaling. Exogenous application of salicylic
to ABA cascade operating in the water imbibed CC5 stage endosperm leading to lower
ediated repression of MXMTs but help in enhancing XMTs. High dosage of salicylic acid
ing to release of repression activity.
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under a strong regulation by certain tissue maturation signaling cascade
(like those originating from the ABA and ethylene signaling) and this re-
pression could be relaxed through the effector molecules arising by the
exogenous application of salicylic acid or methyljasmonate. Accordingly,
a model has been depicted in Fig. 4 to manifest the scenario of the treat-
ments carried out and the plausible mode of interaction of different
phyto-hormone cascades in NMT gene expression. The very difference
between the dry (CD) andwater imbibed controls (CW) and previous ex-
periments of drought-induced seedlings (Kumar et al., 2015b) indicate
that ABAmay be activating the XMTs and repressing theMXMTs. Caffeine
synthasewas shown to be non-responsive to drought and lacks ABA re-
sponsive elements in its promoter region. However, gene regulatory net-
work studies might be a strong indicative of ethylene cascade being
responsible for down-regulation of caffeine synthase (Salmona et al.,
2008). According to the present study, salicylic acid andmethyljasmonate
may act synergistically or antagonistically to ABA signaling in the de-
repression of XMTs and MXMTs, respectively. At higher doses, it may
also antagonize the ethylene cascade mediated down-regulation of
DXMTs. The detailed study of factors responsible for caffeine accumula-
tion would reveal insights into the interplay of developmental repression
and elicitor activation in endosperm tissues. This study indicates exis-
tence of a crosstalk between developmental and SA/MeJ stress signaling
in the regulation of caffeine in coffee andwould be further extended to in-
vestigate the crosstalk as supported by our on-going study on identiﬁca-
tion of involved transcription factors.
4. Conclusions
The analysis of caffeine biosynthesis in maturing endosperm by
studying the accumulation caffeine and the preceding methylxanthines
as well as the degradation product theophylline along with the expres-
sion of the respective biosynthetic genes indicates that maturation-
triggered repression of NMTs is relaxed by exogenous application of
salicylic acid and methyljasmonate. It is the ﬁrst study that may point
out a broader biological signiﬁcance as in terms of a possible cross talk
between signaling cascades involved in maturation-triggered repres-
sion of NMT gene expression and salicylic acid/methyljasmonate in-
duced overexpression interact when the mature endosperm is treated
with these phytohormones. The salicylic acid/methyljasmonate induc-
tion is capable of overcoming the maturation-triggered repression of
at least the XMTs andMXMTs, however leading to only a slight increase
in caffeine. The extant DXMT enzymes and/or basal level expression
might be converting the excess theobromine produced by increased
MXMT expression to form caffeine.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.plgene.2015.09.002.
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